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Abstract 


Water management remains a leading challenge in the implementation of small polymer electrolyte membrane (PEM) fuel cells for portable 
electronic applications. At present there are many excellent models for the distribution of water within PEM fuel cells, but little quantitative data 
on the water distribution that can be compared to models. 

In this paper magnetic resonance imaging (MRI) is used to examine the water distribution in the flow fields of an operating PEM fuel cell. 
While previous workers have used MRI to do qualitative measurements of the water distribution, we use MRI to quantitatively measure the water 
distribution for the first time. We find that even with Teflon® flow fields the GDL is so hydrophobic, that water is drawn away from the cathode 
GDL and accumulates at the bottom of the flow field. The flow pattern in the flow field seems to be wavy-stratified flow rather than plug flow 
as previously supposed. Additionally, we find that water is transported from the cathode to the anode. Thus, diffusional forces and hydrophobic 


capillary pressures appeared to dominate electroosmotic forces, at low current densities. 


© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Water managementis still a major challenge in PEM fuel cells 
[1,2]. There are many excellent models of the water distribution 
as reviewed by and Cheddie and Munroe [3], Ma et al [4] and 
Wang [5] but there is much less quantitative data. Neutron scat- 
tering has provided two-dimensional pictures of the water in fuel 
cells [6-11], but extensions to three dimensions, and quantifica- 
tion of the spacial data has been difficult. Magnetic resonance 
imaging has often been used to examine water motion within 
a proton conducting membrane [12-38] and a few studies MRI 
have been done to examine the water in the membranes of operat- 
ing fuel cells. [17,18,23,36—39]. However, no one has measured 
the spacial distribution of water in the flow fields in a quantitative 
way. 

In this paper we use MRI to obtain the first three-dimensional, 
quantitative images of the water distribution in an operating PEM 
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fuel cell. We found surprises. The flow regime in the flow fields 
is not as previously supposed and there is more water transport 
from the cathode to the anode than previously assumed. 


2. Experimental design 


All of the measurements were done in a small fuel cell, with 
Teflon® flow fields shown in Figs. 1 and 2. The fuel cell was 
mounted in 14.1 T widebore magnet, and MRI images were 
accumulated as a function of time. Our approach was simi- 
lar to previous investigators [39], but a higher field magnet to 
improve resolution. We also added reference capillaries so we 
could quantify the results. 


2.1. Fuel cell schematic 


Due to the strong magnetic field present, certain modifica- 
tions were necessary to the fuel cell to insure compatibility with 
the magnet. Teflon® was used as the material for the flow fields, 
instead of graphite, due to the magnetically inductive nature of 
graphite. Pure gold was used as the current collector, due to its 
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Fig. 1. Exploded view of the fuel cell used in this study. Both anode and cathode 
flow fields are composed of Teflon®. Current collectors are solid gold. Anode 
GDL is untreated carbon cloth. Cathode GDL is Teflon® treated carbon cloth. 
Fuel cell is compressed together using nylon screws. 
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high electrical conductivity, and lack of ferromagnetic proper- 
ties. The small relative amount of gold used limited the noise 
caused by magnetic induction inside the gold. The flow field 
channel width was 1 mm, and the channel depth was 3 mm. 
The MEA was fabricated in the following manner. Nafion 115 
(Ion Power) was used as the PEM. Catalyst ink, consisting of 
platinum black (Alfa Aesar) and Nafion® solution (Ion Power), 
was applied to each side of the Nafion® using a ‘direct paint’ 
technique [40]. The loading on both the cathode and anode was 
2 mg cm™?. The total surface area of the anode and cathode were 
both 1 cm”. The GDL’s used were Teflon® treated carbon cloth 


Fig. 2. Frontal view of a Teflon® flow field used in this study. Channels are 
1 mm wide and 3 mm deep, in serpentine pattern. 


for the cathode, and plain carbon cloth for the anode (E-tek). 
The fuel cell schematic is shown in Fig. 1. 

A unique feature of this fuel cell was the use of water filled 
capillaries, attached to the fuel cell flow fields, to act as calibra- 
tion standards for analyzing the water signal. Capillaries were 
attached to the outside of the flow field using melted capillary 
wax. Three capillaries were used, one along each of the principal 
axes of the assembled fuel cell. 

Twisted pair wire was used to carry the current and voltage 
a safe distance from the MRI magnet, were they could be mea- 
sured and controlled by using multimeters (Fluka) and a variable 
resistor (Allied Electronics). Reactant gas for the fuel cell was 
provided by hydrogen and oxygen cylinders housed outside the 
magnetic field, and controlled by mass flow controllers. Vinyl 
tubes carried the gas to the fuel cell. 


2.2. MRI operation and water quantization information 


The fuel cell was placed vertically inside the imaging scan- 
ner (Oxford Instruments, Abington, UK) equipped with a 
Unity/Inova console (Varian, Palo Alta, CA), operating at 14.1 
T with a bore of an internal diameter of 5cm. Varian trans- 
mitter/receiver quadrature RF coil was used with an internal 
diameter of 3.0cm. T2-weighted coronal (along a vertical axis) 
2D sections were acquired using a Spin-Echo multi-slice pulse 
sequence. The images were acquired slice by slice, witha 0.5 mm 
gap. 

The acquisition time for each sequence was 4 min and 19s. 
The repetition time was 1000 ms, and echo time 10 ms. Two tran- 
sients/averages were taken. The spectral width was 71 kHz, and 
the field of view was 5.0 cm x 2.5 cm. Each voxel represented a 
volume 138 um high by 138 um wide by 200 um thick. Water 
intensity signal was recorded for each voxel. The data was stored 
to a data file that would be analyzed using MATLAB software. 

Water was quantized through use of glass reference capillar- 
ies, with an internal diameter of 0.9mm. The capillaries were 
oriented along the three Cartesian coordinate planes of the fuel 
cell, and filled with Millipore® water prior to being placed in the 
fuel cell. The capillaries were sealed with wax to prevent evap- 
oration during testing. Water content quantization calibrations 
were initially conducted by filling the flow fields with pure water 
(and plugging the input/output lines) and comparing signals with 
that of the capillaries. The water signals per voxel for both trials 
were within experimental error of each other, and the capillaries 
were deemed accurate enough for quantization efforts. 

Temperature variations between capillary water and water 
generated in the flow field could lead to variations in the sig- 
nal, but variations were assumed to be small, and were not 
characterized in this work. 

It must be noted that there was some ambiguity between were 
the voxels of data generated by the MRI were located spatially, 
and the exact interface of the Nafion®, catalyst layer, GDL and 
flow field. This introduces some error into the water concentra- 
tion data, due to the averaging of water signal over the entire 
voxel. It is thought that the relatively small voxel size limits this 
phenomenon. 
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One aspect of the MRI images should be noted. Due to the 
angle that the MRI acquires the ‘slices’ of the fuel cell, not all 
areas of the fuel cell are visible in every slice. The visible areas 
of the fuel cell were dependent on were the MRI was focused. 
In the MRI images presented below, areas of the fuel cell that 
were not in focus are covered with a semi-transparent “mask” 
to aid in visualization by the reader. 


2.3. MATLAB data analysis 


MATLAB software was used for two purposes. The first use 
was to generate MRI images for the data file generated by the 
MRI machine. Contrast, brightness and relative noise levels were 
all adjustable. These images produced were saved in a bitmap 
data format to minimize data loss. 

The second important feature of the MATLAB software was 
the ability to quantify water content data. Each picture ‘slice’ 
the MRI took generated a data file that was stored in a matrix 
format. Columns and rows corresponded to the horizontal and 
vertical directions in physical space. The value at each point in 
the matrix corresponds to the water intensity signal generated 
by the MRI. 

The MATLAB program read in the matrix, and calculated 
the average signal intensity in the reference capillary. This 
was assumed to be the intensity given by pure water. Since the 
volume of the capillary is known, one can then correlate the 
intensity given by the MRI to a given mass of water occupying 
that volume. 

Next, the water intensity is examined in the rest of the fuel 
cell. This intensity was divided by the area of the fuel cell, to 
generate an average intensity. This average intensity was com- 
pared to the intensity of the reference capillary. This generated 
a ratio of intensities, which could then be converted to the mass 
of water present in each MRI slice. 

MRI images were collected of the operating fuel cell. Each 
MRI image represents the water content in a 200-um thick 
“slice” of the fuel cell. Images were taken from two different 
angles; a front view, Fig. 2, as well as a profile view profile 
which was rotated 90° from the front view. 

To aid the reader in understanding precisely where the MRI 
water signal was located spatially, the MRI signal was superim- 
posed onto a digital photograph of the fuel cell. 


2.4. Experimental conditions 


The fuel cell was held at 200 mA cm~? constant current at all 
times. The fuel cell was operated for 1 h before any images were 
acquired, in order to reach a steady state water concentration. 
The anode gas was dry hydrogen, with a flow rate of 40 sccm, 
while the cathode was dry oxygen, at 40 sccm. The fuel cell was 
operated at room temperature, approximately 18 °C. 


3. Experimental results 
3.1. The cathode flow field region 


Fig. 3 shows an MRI image of the cathode side of the flow 
field. Several features of note are highlighted. First, a large 
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Fig. 3. Profile view of the water concentration in the cathode flow field. A large 
water wave occupies the bulk of one flow channel. In all figures displaying an 
MRI signal, the signal is superimposed onto a photograph of the Teflon® flow 
fields to aid the reader in visualizing the spatial water distribution. Additionally, 
an image of a gas diffusion layer is superimposed on top of the MRI signal 
to aid in visualization of the location of the GDL. The fuel cell was held at 
200 mA cm~? constant current at all times. The fuel cell was operated for 1h 
before any images were acquired, in order to reach a steady state water concen- 
tration. The anode gas was dry hydrogen, with a flow rate of 40 sccm, while the 
cathode was dry oxygen, at 40 sccm. 


amount of water was observed in the flow channels of the flow 
field. Most of the water sits in a single large mass in the bottom 
of the flow field. The mass was quite large, accounting for the 
majority of the water signal present in this image. It should be 
noted that the water wave is not contacting the surface of the 
cathode GDL (Teflon® coated carbon cloth), but instead was 
observed along the bottom wall of the flow field, away from 
the MEA and GDL. This was somewhat surprising, since the 
flow field was made of hydrophobic Teflon®. It was thought this 
hydrophobicity in the flow field might ‘hold’ the water close to 
the GDL surface, and inhibit mass transfer of oxygen. But inter- 
estingly, the Teflon® appears to be ‘pulling’ the water down to 
the bottom of the flow channel. Additionally, there was a thin 
coating of water all along the bottom of the cathode flow field, 
even in areas without a water wave. It was theorized that the 
Teflon® coated carbon cloth might be more hydrophobic than 
the Teflon® flow field, and thus driving the water down into the 
channel bottom. 

In a larger way, the image in Fig. 3 is not quite as we had 
expected. In previous studies, movies of the water motion in flow 
fields make it look like slugs of water are moving in the flow 
channels. However, the image in Fig. 3 does not look as expected 
for slug flow; see Fig. 4. Instead the figure is as expected for 
wavy-stratified flow. A series of consecutive MRI images show 
waves of water moving slowly through the flow field. The rela- 
tive size and shape of an individual wave, as well as the spacing 
between multiple waves lead us to believe we are watching the 
slow propagation of waves through the flow channels, not a new 
wave that has quickly displaced the old wave, during the 4 min 
19 s MRI acquisition time. The waves are transported by friction 
with the moving gas, but the wave moves at a much lower speed 
that the air. This is in contrast to slug-flow where the velocity of 
water and air would be the same. Fig. 5 is the same area of the 
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Slug Flow Wavy-Stratified Flow 


Fig. 4. A diagram of the profile of a water slug and a water wave. 


fuel cell as Fig. 3, but simply rotated 90°. Several water waves 
were observed. It was observed that they are moving through the 
flow field flow channels, along the serpentine path. This angle 
does not convey any ‘depth’ data, but when Fig. 3 is taken into 
consideration, it was clear that the waves were not contacting the 
GDL, and there was a gas layer present between the water waves 
and the GDL surface. The key message from Fig. 5 is that the 
waves do not have a fixed wavelength as one would expect for 
classic Jeffrey’s waves. Instead one observes a variety of wave- 
lengths and wave spacing, as one might expect for roll waves 
[41]. 

Fig. 6 is a spatial water content graph, relating water content 
to the distance from the MEA. At distance 0, the water sig- 
nal came from the water-rich Nafion® membrane in the MEA. 
Water content then dropped sharply as distance was increased 
away from the membrane. Around 1 mm away from the MEA, 
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Fig. 5. Front view of cathode flow field. Multiple water waves are visible at 
various points in the flow field. 


the tip of the water wave was observed, stretching over one mm 
in thickness. Near the bottom of the flow field, the water con- 
tent spikes again, to its highest concentration yet. This was a 
combination of the bottom of the water wave, and of the general 
wetting of the bottom of the flow field channels described earlier. 

This illustrates that the Teflon® flow field is channeling water 
down to the bottom of the flow field, away from the GDL surface. 


3.2. The cathode GDL and MEA region 


In the next series of images, the cathode GDL region was 
highlighted as the area of interest. 

Since the MRI has been refocused on the GDL region, the 
water waves are no longer visible, but are still present physically 
in the fuel cell. 
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Fig. 6. Average water concentration distributions of the cathode flow fields at various distances from the MEA. Concentration is highest along the back wall of the 


cathode flow field. 
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Fig. 7. Profile view of the water concentration in the gas diffusion layer of the 
cathode. A layer of water is observed on the side of the GDL facing the flow 
field and the reactant gas stream. 


Fig. 7 shows a clear gap between the water rich MEA sheet, 
and water droplets present on the GDL surface. This ‘gap’ is an 
effect of the carbon cloth used as the GDL. The magnetically 
inductive qualities of carbon prevent the MRI from acquiring a 
useable signal from this region of the fuel cell, resulting in an 
‘empty’ region of water signal. Fig. 8 represents the same MRI 
signal, but has a picture of the GDL superimposed to add clarity 
for the reader. 

There are observable water droplets on the surface of the 
GDL. Due to the ambiguity of how the voxels generated by the 
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Fig. 8. Profile view of the water concentration in the gas diffusion layer of the 
cathode, without a superimposed image of the GDL. 


MRI overlap with the physical dimensions of the carbon cloth 
GDL, some caution must be used when interpreting the results, 
however it appears that the presence of the water droplets indi- 
cate that water was diffusing through the Teflon® treated GDL. 
Based on the previously discussed figures, much of this water 
appeared to be quickly transported into the moving water waves. 
The water content on the GDL surface was small relative to the 
amount of water in the water waves deeper in the flow channels. 
We suppose that the droplet transfer process is very similar to the 
droplet transfer process often observed in wavy-stratified flow 
in pipes, where lift forces entrain the water droplets and carry 
them into the moving water waves. 

The amount of water present on the GDL surface was virtually 
constant versus time (after the 1 h equilibration time given at the 
start of the experiment). The relatively small amount of water 
content on the GDL surface, as well as the fuel cell performance 
data appear to indicate that no flooding is occurring at these 
reaction conditions. 

The front view of the fuel cell presented in Fig. 9 further 
illustrates the water droplets present on the surface of the GDL. 
The distance from the MEA was not apparent from this angle, but 
the moderate amount of dispersed water droplets were visible. 

The distribution of water was somewhat uniform, although 
most of the water appeared to be located at the top of the GDL 
surface. Additionally, it appeared that more water began to accu- 
mulate on the GDL as the reactant gas progressed from inlet to 
outlet. 

The spatial water content data is shown in Fig. 10. It demon- 
strates quantitatively what has been observed in the previous 
MRI images. A large amount of water was present in the MEA, 
due to the water present in the Nafion®. The bulk of the water in 
the Nafion® originated from the oxygen reduction reaction, due 
to an observed increase in water content once the fuel cell was 
operated at constant current, compared to preliminary images of 
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Fig. 9. Front view of the top of the gas diffusion layer on the cathode side of the 
MEA. Dispersed water droplets are visible across GDL surface facing the flow 
field. 
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Fig. 10. Average water concentration distributions of the cathode GDL at various distances from the MEA. 


the fuel cell at open cell potential. As distances increased from 
the MEA, the water content dropped sharply, due to the lack 
of water signal inside the cathode GDL. A spike of water was 
observed 0.5 mm from the MEA surface, which coincides with 
the water on the surface of the GDL. 

After the water spike, the water content quickly drops again, 
due to the lack of water present in the flow channels in the 
immediate vicinity of the GDL. 


3.3. Water in anode flow fields 


Fig. 11 illustrates the profile view of the anode flow field 
region. No water is produced in the anode region, nor is the 
input gas humidified. There are three primary forces at work 
in the region to determine water content; diffusion, capillary 
backpressure and electroosmotic drag. 

Water produced on the cathode can diffuse from the high 
water concentration region of the cathode to the low water con- 
centration region of the anode. In the absence of any charge 
transfer, this is the only direction of water movement possi- 
ble. However, when charge is being transferred, movement of 
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Fig. 11. Profile view of the water concentration in the anode flow field. The 
majority of the water is along the back wall of the flow field. 


protons from the anode to the cathode though the Nafion® 
induce an oppositional force, electroosmotic drag, which can 
‘pull’ water along with the protons. This can cause water to 
move from the anode back to the cathode. Additionally, the 
hydrophobic cathode GDL can exert a capillary back pressure 
on water moving towards the cathode, driving it back to the 
anode. 

The image above shows a relatively large amount of water 
along the back wall of the anode flow field. It appeared that the 
Teflon® flow fields were acting to ‘pull’ water away from the 
anode GDL. Much like in the cathode region, the exact cause 
for this was not well understood, but might be caused by vari- 
able hydrophobicities of the Teflon® in different areas of the 
channel. 

Since there was water present in the anode flow field, it was 
clear that diffusion and hydrophobic GDL induced backpressure 
play a significant role in the distribution of water. These are the 
only forces that can transport water into this region of the fuel 
cell. Although electroosmotic forces were also at work, they 
appear to have been dominated by the other two forces, at least 
at cell currents of 200 mA cm™?. If the electroosmotic forces 
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Fig. 12. Front view of anode flow field. Water is visible along the bottom 
of the flow field. Water concentration grows as the reactant hydrogen travels 
through the flow channels, indicating it is picking up water diffusing through 
the membrane from the cathode. 
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Fig. 13. Average water concentration distributions of the anode flow field at various distances from the MEA. The bulk of the water is along the back wall of the 


anode flow field. 


were stronger, one would expect a ‘dry’ anode, with little water 
signal. This is not what was observed. 

Another angle of the anode flow field reveals further insight 
to the water transport within the fuel cell, seen in Fig. 12. 
The input stream to the fuel cell was dry hydrogen. The gas 
gradually accumulated water as it traversed the length of the 
serpentine flow channels. The only possible source of this water 
was from water generated at the cathode, transported via dif- 
fusion and capillary backpressure through the membrane to the 
anode side. 

It was therefore clear, that at 200 mA cm”, the diffusional 
and capillary backpressure, not electroosmotic, forces are the 
dominate forces when determining the direction of water trans- 
port on the anode. 

The water content in the in the anode flow field shown in 
Fig. 13, was divided into two main areas. First, the MEA con- 
tained a large amount of water, due to the hydrated Nafion® 
membrane. The bulk of the flow field was devoid of much water, 
as was expected, since all water generation occurs on the cathode 
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Fig. 14. Profile view of the water concentration in the anode input/output tubes. 


side of the fuel cell. A surprisingly large amount of water was 
found on the bottom of the anode flow field. In a similar fashion 
to the cathode flow field, there appears to be a wicking action 
occurring, due to the Teflon® flow field. This was transporting 
the water to the bottom of the anode flow field. 


3.4. Water in anode inlet/outlet tubes 


The final region of the fuel cell imaged was the inlet and outlet 
tubes of the anode flow field, shown in Fig. 14. A large amount 
of water was present in the anode exhaust tubes. Since the water 
had to originate in the cathode, this offered further evidence that 
transport of water from the cathode was significant. 

The front view shown in Fig. 15 provided more information 
about water transport. It was quite clear that the hydrogen stream 
coming into the cell was dry, since no water signal was observed. 
However, the outlet tube was filled with water, providing further 
evidence of the strength of the diffusional and capillary forces, 
relative to any electroosmotic forces present. 

The water content graph seen in Fig. 16 confirms the pre- 
vious observations. Significant water was present in the MEA, 
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Fig. 15. Front view of the anode tubes. Small waves of water can be observed 
near the anode exhaust tube, indicating water has diffused from the cathode. 
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Fig. 16. Average water concentration distributions of the anode tubes at various distances from the MEA. 


due to the Nafion® membrane. Water was still observed on the 
bottom of the Teflon® flow field. Little water was seen inside 
the bulk of the flow field, however. Additionally, large waves of 
water are seen in the anode outlet tube. Therefore, not only were 
diffusional and capillary forces large, they were large enough 
to cause water waves on the same order of magnitude in size as 
those observed in the cathode flow field. 


3.5. Overall water distribution 


The water content of each of the three primary regions of the 
fuel cell were calculated and presented in Fig. 17. The regions 
of the fuel cell were defined as the cathode region (consisting of 
cathode flow field, and GDL), the MEA, and the anode region 
(containing the anode flow field and GDL). 

Unsurprisingly, the cathode contained the most water, at 61%. 
Due to the oxygen reduction reaction generation of water and the 
water waves observed in the MRI images, this was the expected 
result. The MEA contained the second most amount of water. 
The anode region contains the least amount of water. Most of 
this water was distributed along the bottom of the flow field. It 
should be noted that the water accumulating in the anode exhaust 
tubes were not taken into consideration when determining the 
water distribution inside the fuel cell itself. 
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Fig. 17. Overall water content in the anode flow field region, MEA region, and 
cathode flow field region of the fuel cell. 


4. Discussion 


The results here were largely as we expected, but there were 
a couple of key differences. First, we found that the flow pattern 
in the flow fields was wavy-stratified flow rather than slug flow. 
After we did the experiment, and looked in the literature, we 
found that we should have not been surprised. Akbar and Ghi- 
aasiaan [42] and Wallis and Dodson [43] have done extensive 
studies of air/water flows in pipes and have developed crite- 
rion for the transition between wavy-stratified flow and slug 
flow. Generally one observes slug flow only when the volumet- 
ric flowrate of water is within and order of magnitude or so of 
the volumetric flowrate of the air. All of our data were taken 
under conditions where wavy-stratified flow would be expected 
according to the models of Akbar and Ghiaasiaan [42] and Wal- 
lis and Dodson [43] The physics in flow fields is different than in 
Akbar and Ghiaasiaan [42] and Wallis and Dodson [43]. In par- 
ticular the restoring force is surface tension not gravity and the 
stratification is driven by a difference in surface tension between 
the MEA and the flow field walls. Still, our data clearly demon- 
strates that we have water waves, not slugs in the flow field. 
It should be noted that our deep flow field channels may play 
a role in the formation of wavy-stratified flow, compared to a 
shallower channel depth. However, according to the models of 
Akbar and Ghiaasiaan [42] and Wallis and Dodson [43], the cell 
should maintain the wavy-stratified flow regime even at much 
shallower depths (sub-500 um) 

We believe that the observation of wavy-stratified flow rather 
than plug could have some important implications to our under- 
standing of fuel cells because the mechanism of water transport 
is different in the two cases. In slug flow, drops builds up on the 
surface of the MEA until a slug of water comes by and sweeps 
the droplets away. In contrast, in wavy-stratified flow, the water 
droplets can be removed via the lift that is created when the 
air blows over the curved surface of the drop. Generally, small 
droplets do not have enough lift to be removed. However, once 
the drop is large enough, lift forces will carry the drops off of 
the MEA. As a result, on can view the water transport as a pro- 
cess where water droplets grow until they are large enough to 
be lifted off of the surface, instead of a process where water 
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droplets of all sizes are swept away when a slug moves over the 
surface. We see this process most clearly on the anode, where 
there are no water waves, yet the water drops are removed from 
the surface. Then a new water drop grows at almost the same 
place. 

The other key difference between slug flow and wavy- 
stratified flow is that the water velocities are much lower in 
wavy-stratified flow than in plug flow. In slug flow, the water 
slug goes all of the way across the flow channel, so in order for 
the air to move, the air has to push the slug along. The result 
is that the water is accelerated until the water velocity equals 
the air velocity. In contrast with wavy-stratified flow, the air can 
flow through the gaps between the waves and the MEA. As a 
result, the water can move much more slowly than the air. In 
our experiments, the air velocity in the flow fields was about 
0.2ms~! while the liquid velocity was less than 0.001 ms, 
for example. The moving air exerts a drag force on the liquid. 
However, the drag force is much smaller than the body force in 
slug flow. As a result water can accumulate at dead zones in the 
flow field. That water can produce freeze damage. Notice that 
water accumulates near the bends in the flow field in Fig. 5 and 
the water is not swept away when a wave moves past. This occurs 
because there is insufficient drag to pull all of the water out of 
the bend. These small places are spots where there is likely to 
be freeze damage if the fuel cell were frozen. 


5. Conclusions 


In this work, MRI technology was used to obtain a three- 
dimensional quantitative water distribution profile inside an 
operating fuel cell. 

It was found that the Teflon® flow fields enhance water trans- 
port away from MEA and GDL. Due to the hydrophobic nature 
of the Teflon® flow fields, it was expected that the water might 
be trapped on the GDL surface, but instead it was actively pulled 
to the bottom of the flow field apparently by some form of wick- 
ing action. The water transport in the flow fields was different 
than expected. The flow pattern looks like wavy-stratified flow 
not slug flow. Water waves move along the bottom of the cath- 
ode flow field. The waves are pushed along via friction with the 
moving air but their velocity is much lower than that of the air. 
Water drops form on the anode and cathode, and are removed 
from the surface probably by lift forces. 

Water diffusion and capillary backpressure from the cath- 
ode GDL was found to be greater than electroosmotic drag at 
200 mA cm~?. This was determined due to the increasing water 
content in the anode gas stream, as it traversed the anode flow 
field. It should be noted that the balance of forces between elec- 
troosmosis and diffusion are strongly dependent on operating 
current, and this result may change as operating current changes. 
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